{'-.‘A_’/' . ,)’/’~'c‘,,14 . 7

LA-UR -81-1936

TITLE: TWO-DIMENSIONAL TEEORY AND SIMULATION OF FREE~ELECTRON LASERS

AUTHOR(S)I Thomas J. T. Kwan and J. R. Cary MAS’[R

SUBMITTED TO: 4th International Topical Conference on High-Power
Electron and Ion-Beam Research and Technology

Palaiseau, France
June 29 - June 3, 198)

By avieptance of this article, the pubhisher recognizes that the
US Government retains a nonexclusive, royalty free hieons
to publinh or reprarfuee the pubbshed form of this contnbu
won, or to sllow othen to do so, for US Government put
poses

Tre Los Alamos Scentihie Laboratory requests that the puty
lisher dentity this article gy wotk performed gonder the gus
mices of the US Duepsrtment of Energy

m LOS ALAMOS SCIENTIFIC LABORATORY

Post Otfice Box 1663 Los Alamos, New Mexico 87545
An Affimative Action/Equal Opportunity Employer

University of Ca'ifornia

Form No. 838 RJ ATER IR "
8t. No, 2628 D"‘::'M'::T';' :‘Nrm.v NSTRIGNTION NF THIS DACIMINT 1S UNHIMITED 66
12/18 CONTRACT W 7408 KNG 36 A


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


TWO-DIMENSIONAL THEORY AND SIMULATION OF FREE ELECTRCN LASERS*

Thomas J. T. Kwan and John R. Cary**
Applied Theoretical Physics Division
Los Alamos National Laboratory
Los Alamos, New Mexico, USA 87545

ABSTRACT

Two-dimensional homogeneous theory of free-electron lasers with a
wiggler magnetic field of constant wavelength is formulated. It has been
found from the theory that waves propagating obliquely with respect to the
electron beam are always unstable with appreciable growth rates; there-
fore, mode <competition among the on-axis and off-axis modes is an
important consideration in the design of the free-electron laser.
Furthermore, electromagnetic waves with group velocities opposite to the
directiqnzof eleﬁE{on beam propagation are absolutely unstable if k v, >
w e(l/y" + 1/y°°7) Due to strong nonlinear saturation levels 8f °tae
le-frequency absolute instability, the dynamics of the electron beam and
the generation of the high-frequency electromagnetic radiation can be
severely affected. Two-dimensiunal particle simulations show that the
efficiency of generation of the on-axis high-frequency electromagnetic
wave decreases significantly due to instability of the off-axis modes. In
addition, complete disruption of the electruon beam and laser oscillation
due to the onset of the absolute instability have been observed in simula-
tions.

INTRODUCTION

Gencration of rcoherent electromagnetic radiation by relativistic
electron veams has been under intensive theoretical and experimental
studies in recent years. In particular, the concept of free-electron
laser, which is a scheme ot generating tunable coherent radiation based on
the interaction between a relativistic vlectron heam and a static periodic
maguetic field, has attracted enormous attention in the scientific
community. The very altraclive fundamental characteristics of the free-
electron laser are tunability, high power, and high efficiency in the
production of electromagnetlic radiation,

There has been a considerable amount of theoretical and numerical
investigation of the free-electron laser using a one-dimensional model
(1). In the cne=dimensional model, the wavelength of the radiation is
given by A = Ao(l - B)Y/R ™ Ao/2y2 where AU and v, are the wavelength of
the wiggler field and the ve'locity of the electron beam, respectively.
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However, the free-electron laser can, in general, produce radiation that
propagates at an angle to the electron beam (2) as long as the resonance
condition, w = (k cos@ + ko)vo, is satisfied. This imples that radiation
with frequency w = kovo/(l =V, cos8/c) can be amplified and the free-
electron laser can he a very broad band simplifier.

TWO-DIMENSIONAL DISPERSION RELATION OF FREE-ELECTRON LASERS

We consider an electron beam moving through a static periodic mag-
netic field which is given by

30 = 630(8x cos koz + éy sin koz) . (1)

where GBO measures the strength of the static magnetic field and ko =
2n/A° is the wavenumber. We assume that the electron beam is charge and
current neutralized on average by a massive background of ions. We also
assume that the electron is monoenergetic with total energy yomcz and an
average velocity in the z-direction.

The self-consistent equilibrium of the electron beam due to this
static periodic magnetic field can be found by solving the equation of
motion and Maxwell's equations. The self-consistent momentum of the
electron beam is given by

> 2202, 042 N =2 . e A ou .
P, = (yo wceko/K c“=1) e mowcekox (excon kol + eys:n koz). (2)
vhere K2 = k: + upi/yocz. and wpp = (bneznolm“)¥ and W, = eéB/m“c are the

electron plasma freguency and the electron cyclotron frequency, respec-
tively. The total magnetic field, which {8 the sum of the external ticld
and the diamapaetic field of the electron beam, is given by

L 2,0 220 An e s .
B = (1 wp’/yox ¢“) GBO (ex con koa + e s8in koz). (3)

y

Since the atatic periodic magnetic field in the laboratory frame, as
given by Eq. (1), is a traveling electromagnetic wave in the frame of the
rlectron beam, it oheys the dispersion relation

w = -k& Vo 1 (4)



where w; and k; are the frequency and wavenumber of the static magnetic
field in the beam frame and \A is the axial velocity of the electron beam.
Hence, in the beam frame, the physical process of free electron lasers is
equivalent to that of stimulated scattering of electromagnetic waves in a
plasma. The dispersion relation of the scattering process is well known
and was derived by Drake et al.(2) and Mannheimer and Ott.(3) By applying
a8 Lorentz transformation to the dispersion relation, we obtain the two-

dimensional dispersion relation of free-2lectron lasers in the laboratory
frame as follows:

2 2 2 2 2 2
w w ) w w
w-(k +k)v]®--P8 (u2-K32. P& - _Pe c& |, __pe
z o’ o 3 . 2.2
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I+ Ry ¢k, - v /0] [ + 2900, - wvg/ch?)
2+ 2 (k, = w /D))

' (5)

where Y, = (1 - vgz/cz)'&. Note that we are using rectangular geometry in
which all physical quantities vary with z and x and are independent of y.
The dispersion relation in Eq. (5) clearly shows the mode-coupling charac-
teristics. On the left-hand side ot Eq. (5) are the electromagnetic and
electrostatic dispersion relations, which are coupled by the expression on
the right-hand side. The coupling term is proportional to the second
power of the strength of the static periodic magnetic field. Using the
dispersion relation, onec can analyze the free-electron laser instability
in two dimensionc. However, an aralytical expression for the growth rate
is difficult to obtain in the general case, and nwnerical analysis iw,
therefore, most suitable. One cen rewrite the dispersicn relation an a
sixth order polynomial in w, which can be readily solved numerically in a
computer. In Fig. | we present the contour plot of the temporal growth
rates in kx and kz. The contours of the growth rate arc symmetric with
respect to the ka axin., The pirrameters used in the computation are
wce/wpe = 1.58, koc/wbo = n, and Y, ° 1.6. Note that the scale of the two
axes are different, and the contours are ceutered around a rather flat and
skinny elipse where crossings of the beam modes and the electromagnetic
modes occur. If the condition kovo > wb'(l/y3,2 + I/yllz) is satisfied,
the resonant ellipse encloses the origin; and electromagnetic waves at all
angles are unstable. Tne frequency range which is proportijonal to yi can



be verv broad. Furthermore, electromagnetic waves with group velocities
opposite to the beam volocity are absolutely unstable.

RESULTS FROM COMPUTER SIMULATION

The simulation results presented here were obtained from a modified
version of CCUBE (4), which is a two-and-one-half-dimensional fully
electromagnetic, relativistic, particle-in-cell, plasma simulation code.
In the simulation of free-electron lasers, a relativistic electron beam
with a specified energy, yomcz, is injected into the system. Charge and
current neutralization of the electron beam were obtained through the use
of immobile background ions in the simulations. The electron beam is sub-
jected to the external magnetic field given in Eq. (1).

In Fig. 2 we show the phase space (pz ve z) of the electron beam at
T = 45 w;: in a simulation. The parameters of the simulations were Yo =
1.6, koc/w»pe =n, and wce/wpe = 1.58. It is evident from Fig. 2 that a
low-frequency electrostatic wave, coupled with a backward electromagnetic
wave, had grown to considerable amplitude to start trapping the electron
beam. This electroatatic wave had a well-defined longitudinal wavelength,
which was measured to be approximately 2.47 w;:.
existence of short wavelength (high-frequency) waves, which were trying to
grow at the same time as the low-frequency wave.

Figure 2 alsc shows the

One component of the clectromagnetic field at a particular axial
position is shown as a function of x in Fig. 3 , which clearly shows that
the perpendicular perturbation had two wavelengths (mode two). One should
note thct the number of wavelengths in the perpendicular direction had to
be an integer because periodic boundary conditions were usad in that
direction in the simulstion. As indicated in Fig. 3, the perpendicular
wavelength was approximately 7.0 cm;:.
tion of the electrostatic and the electromagnetic waves were abou. 20°¢

Therefore, the angles ot propaga-

and 128°, respectively. The absolutely unstable low-frequency waves
eventually grew to the point where they totally disrupted the electron
bean and thus the ygeneration of the high-frequency radiation. The time
history and its Fourier transform of the electrnmagnetic field at a
fixed position near Lhe entrance of the system is shown in Fig. 4, which
clearly illustrates the onset of the low-frequency absolute instability.
The frequency of the unstable wave measured from Fig. 4 was w 1.23 w o
The frequency, longitudinal and perpendicular wavelengths, and angle of
propagation of the asbsolutely unstable wave obtained from the simulation
agree with the throretical results well within 10%.



Finally, we show the temporal growth rates as a function of angles of
propagation in Fig. 5. The growth rates were obtained by the numerical
pinch-point analysis (5) of the dispersion relation in Eq. (5). The
physical parsmeters are the same as in the simulation. The growth rate
increases rapidly from 8 = 90° and flattens out after 6 = 120°. Our
numerical evaluation indicates that mode three or higher in the perpen-
dicular direction corresponds to waves propagating at an angle of 105° or
smaller, and they have substantially smaller growth rates than modes one
and two. Therefore, one would expect that waves corresponding to higher
mode numbers ia the perpendicular direction would be dominated by modes
one and two in the simulation. The fact that mode two was the only
dominant mode observed in the simulstion was probably due to the uneven
level of the noise spectrum which existed in the simulation.

The dispersion relation in Eq. (5) predicts growth of off-axis
electromagnetic waves in free-electron lasers. One of the effective ways
to study the instability of the off-axis modes in a computer simulation
is to launch a particular off-axis electromagnetic wave and to observe its
amplification as it propagates and interacts with the electron beam. The
boundary conditions of simulation are periodic in x and absorptive in z
for both particles and fields. Due to the periodicity in x, the wave-
numbers of the waves in the perpendicular direction (kx) in the simulation
were quantized; i.e., kx = ZNn/Lx, where n is an arbitrary integer and Lx
is the length of the system in the perpendicular direction. The arbitrary
integer, n, is limited by the resolution of short wavelength waves in a
particular simulation. In our simulation, mode eight (n = 8) in the
perpendicular direction is the shortest wavelength which can still be
accurately resolved.

An off-axis electromagnetic wave was launched in our simulation with
n=6 (kx = 2nn/L = 2.69 c-lwbe) and 0 = 40.0°, which is the angle between
the directions of the wave and the electron beam propagation. The initial
amplitude of the wave wau eE /m cwb = 0.08, which corresponded to a
power density of 4.35 HW/Lm In Fig. 6, we show the electric component
of the elecctromagnetic wave as a furction of the axial distance at a
fixed perpendicular position at wpet = 22.0. The dots in Fig. 6 are
data obtalned from the simulation, and the solid curve is obtained by a
least squarer fit of the datsa. The axial wavepumbor s found to be
k, = 2.96 ¢l Wer o0d this wave in a mode six (k, = 2.69 ¢ "’pe) in the
perpenﬂltular direction as expected. The angle at which the wave propa-
gates with respect to the electron beam is given by 06 = tan'l(kx/kz) =
42.3°, which agrees quite well with the theoretically predicted value of



40.0°., From the variation of the wave amplitude along the axial position,
we obtained a convective growth rate of Im(kz) = 0.265 c-lwpe which is
about 10% smaller than the theoretical value given by the dispersion
relation in Eq. (5). The small discrepancy is probably due to collisional
damping in the simulation and the cold fluid approximation uvsed in obtain-
ing the dispersion relation.

Significant modifications of the results from the previous analysis
and computer simulations are expected to occur when finite boundary
conditions are taken into account. When the tsides of the resonant cavity
are transparent or absorbing, the production of off axis modes should be
poor since the waves leave the gain region before any significant ampli-
fication. On the other hand, incidental reflecting surfaces can lead to
excitation of parasitic modes. As far as absolute instabilities are
concerned, only the purely backward wave should be important for resonart
cavity with transparent or absorbing walls. Furthermore, the absolute
instability of the purely backward mode can be suppressed if the length of
the region is less than the critical length (6) defined by

125 1m(w) (6)

where "gl and v_, are the group velocities of the two modes, and Im(w) is

g2
the infinite medium growth rate.

CONCLUSION

We have investigated the production of off-axis modes and absolute
instability in free-electron lasers. We found that parasitic modes and
absolute instabilities can exist in free-electron l.isers and these modes
can potentially affect its performance in producing coherent high-
frequency electromagnecic racdiation. However, we also discovered that one
can minimize the effects by imposing proper constraints in the design of
the free-electron laser cavity.
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Fig. 1

Contours of growtu rates of the free-electron laser in two
dimensions centered around the resonant ellipse.
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Phase space diagram (p, vs z) of the electron beam w,,t =
42.41. The long wavelength mcdvlation was duc to the low-
frequency absclute instability, and the short wavelength
perturbations were due to the bhigh-frequency convective
instability.
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Simnlation showed that the high-
frequency electromagnetic wave had
two wavelengths in the perpendicular
direction.
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Fig. 5

Temporal growth rates as a function
of angles as obtained by numerical
pinch point analysis of the two-
dimensional dispersion relation.
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Fig. 4

The time histo.y and the Fourier
transform of the electromagnetic
field. The onset of the absolute
instability is clearly demonstrated.
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Fig. 6

Amplification of an off-axis
electromagnetic wave in a computer
simulation., The solid line is the
leant square fit of the cata obtain-
ed from the simulation,



